Although mesenchymal stem cells (MSCs) play pivotal supportive roles in hematopoiesis, how they interact with hematopoietic stem cells (HSCs) is not well understood. We investigated the interaction between HSCs and surrogate MSCs (C3H10T1/2 stromal cells), focusing on the molecular events induced by cell contact of these bipartite populations. C3H10T1/2 is a mesenchymal stromal cell line that can be induced to differentiate into preadipocytes (A54) and myoblasts (M1601). The stromal cell derivatives were cocultured with murine HSCs (Lineage -Sca1 + ), and gene expression profiles in stromal cells and HSCs were compared before and after the coculture. HSCs gave rise to cobblestone areas only on A54 cells, with ninefold more progenitors than on M1601 or undifferentiated C3H10T1/2 cells. Microarray-based screening and a quantitative reverse transcriptase directedpolymerase chain reaction showed that the levels of Notch ligands (Jagged1 and Delta-like 3) were increased in A54 cells upon interaction with HSCs. On the other hand, the expression of Notch1 and Hes1 was upregulated in the HSCs cocultured with A54 cells. A transwell assay revealed that the reciprocal upregulation was dependent on cellto-cell contact. The result suggested that in the hematopoietic niche, HSCs help MSCs to produce Notch ligands, and in turn, MSCs help HSCs to express Notch receptor. Such a reciprocal upregulation would reinforce the downstream signaling to determine the fate of hematopoietic cell lineage. Clarification of the initiating events on cell contact should lead to the identification of specific molecular targets to facilitate HSC engraftment in transplantation therapy.
Introduction
Hematopoietic stem cells (HSCs) are capable of selfrenewing and differentiating into all the blood cell lineages, and the property allows them to reconstitute adult hematopoiesis following transplantation. The growth and differentiation of HSCs is regulated by orchestrated signals from various soluble factors and the hematopoietic microenvironment, or 'niche'. With the aid of many other cell types, osteoblasts and vascular endotherial cells maintain the balance of dormant and active HSCs in the osteoblasic and vascular niches [1] [2] [3] [4] .
The interaction between HSCs and the niche cells comprises cytokines and cell-to-cell contact. The involved cytokines include stem cell factor (SCF), stromal-derived factor 1 (SDF1), angiopoietin1 (Ang1) and osteopontin, and the functions of these factors have been studied extensively [5] [6] [7] [8] [9] . On the other hand, molecular events of the direct cell contact are mostly unclear. Wagner et al. investigated the behavioral and molecular changes in hematopoietic progenitors upon interaction with a stromal cell line AFT024 [10] . They found that the genes involved in the cytoskeleton reorganization, DNA stabilization and methylation were upregulated. However, molecular events in the niche cells have not vigorously explored.
Mesenchymal stem cells (MSCs) in the bone marrow play a vital role in supporting hematopoiesis, therefore they are considered as niche cells, too [11, 12] . To further explore the hematopoiesis-supporting ability of MSCs, we have used a surrogate MSC line C3H10T1/2 (10T1/2) and its derivative preadipocytes (A54) and myoblasts (M1601). Among these cells, only A54 preadipocytes helped the expansion of hematopoietic progenitors with an augmented production of SCF, SDF1 and Ang1 [13, 14] . In the present study, we investigated the cellular and molecular events in the interactive communication between HSCs and stromal cells using this differentiation-inducible system, particularly focusing on the changes in the stromal cells.
Materials and methods

Cells
10T1/2 cell line (from Riken Biological Resource Center, Tsukuba, Japan) was used as an inducible MSC model. A54 preadipocytes and M1601 myoblasts were established as described previously [13] . All the cell lines were cultured in Iscove's Modified Dulbecco's Medium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma, St. Louis, MO, USA). Bone marrow mononuclear cells were separated from C57BL/6 mouse femurs using 
Gene expression analysis
To quantify several signaling molecules, the reverse transcriptase-directed polymerase chain reaction (RT-PCR) was performed. Total RNA was extracted from the cells using an RNeasy Mini Kit (QIAGEN, Hilden, Germany), and cDNA was synthesized with a SuperScript First-Strand Synthesis Kit (Invitrogen). PCR was carried out with a QuantiTect SYBR Green PCR Kit (QIAGEN), and the incorporation of the fluorescent dye into the PCR products was monitored with ABI Prism 7700 (Applied Biosystems, Foster City, CA, USA). As internal controls, beta-actin was used for the stromal cells and glyceraldehyde-3-phosphate dehydrogenase was used for HSCs. The primers for PCR are listed in Table 1 . Gene expression profiles of A54 before and after coculture with HSCs were compared using a FilgenArray Mouse 32K (Filgen, Nagoya, Japan). 
Statistical analysis
The statistical analysis was performed using a Statcel2 (OMS Publishing, Saitama, Japan) add-on package for Microsoft Excel. Student's t-test was used for comparison between two groups, and a multiple comparison test (the Turkey-Kramer method) was used for comparison among groups of three or more. A P-value < 0.05 was considered to be significant for all analyses.
Results
Requirement of cell contact in supporting hematopoeisis
In coculure experiments with 10T1/2 or its derivatives (A54 and M1601), HSCs formed cobblestone areas only on A54 at day 5 (12.5 ± 0.6 cobblestone areas/10 4 cells), as we reported previously [14] . We also confirmed that the murine hematopoietic progenitors were expanded by ninefold (36.0 ± 4.0 colonies/10 3 cells post-coculture with A54 vs. 4.0 ± 2.0 colonies/10 3 cells pre-coculture, Figure 1 ) whereas the number of hematopoietic progenitors was not significantly increased after the coculture with parental 10T1/2 cells or M1601 myoblasts (3.3 ± 1.5 colonies/10 3 cells with 10T1/2, and 6.3 ± 1.5 colonies/10 3 cells with M1601; Figure 1 ). Without stromal cell support, HSCs completely lost their progenitor activity in the same medium used for coculture ('No stroma' in Figure 1) .
Indeed, only few monocyte/macrophage-like cells were found after 5-dayincubation in this population; we speculated that all the clonogenic cells fell into apoptosis because no additional cytokine was provided.
As we previously reported, expression of SCF, SDF1 and Ang1 in A54 was greater than that in 10T1/2 and M1601cells [14] . Such an overexpression of SCF, SDF1 and Ang1 in A54 cells was not further augmented or cancelled by addition of interleukin-1 or coculture with HSCs (data not shown).
Next, we addressed whether soluble factors from A54 preadipocytes were sufficient for supporting hematopoiesis. To discriminate the contribution of cell communication via direct adhesion, mouse bone marrow-derived HSCs were cultivated on a microporous membrane (1 micron Cell Culture Insert) placed in a well containing A54 cells underneath. We found that physical separation from A54 cells totally abrogated the progenitor activity of HSCs, in spite of the availability of soluble molecules from the stromal cells (Figure 1 ). This observation indicated that A54 cells supported hematopoiesis by cell contact in addition to secreting cytokines.
Gene expression changes in preadipocytes cocultured with HSCs
Upon learning that cell adhesion is required for A54 cells to support HSCs, we speculated that some signaling from HSCs to stromal cells might occur during coculture. This idea prompted us to search for molecules whose expression changed in A54 cells cocultured with HSCs. Total RNA was extracted from A54 cells before and after the coculture and gene expression profiles were compared by microarray. Out of 33696 genes screened, 353 genes were upregulated by twofold or more after the coculture with HSCs, and 13 genes were downregulated to the levels less than a half of starting value (data not shown). Among them, 29 genes (21 upregulated and 8 downregulated; Table 2 ) were implicated to be involved in hematopoiesis. Therefore we focused on these molecules for further investigation. A quantitative RT-PCR analysis confirmed the upregulation of Jagged 1 (Jag1), Delta-like 3 (Dll3) and bone morphogenetic protein 6 (BMP6) in A54 cells after coculture with HSCs ( Figure 2 ). On the other hand, upregulation of Jag1, Dll3 and BMP6 was not observed in the undifferentiated 10T1/2 cells or M1601 myoblasts after coculture with HSCs (data not shown). Expression of Jag1 was also increased in A54 cells cultured with differentiated cells such as B-and T-lymphocytes, but to a lesser extent (Figure 2A ). 
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Dll3 expression in A54 was decreased after coculture with T-cells, while it was not significantly changed after coculture with B-cells ( Figure 2B ). BMP6 expression was mildly upregulated in A54 cells cocultured with mature lymphocytes, but the difference was not statistically significant ( Figure 2C ). These results suggested that the upregulation of Jag1, Dll3 and BMP6 was induced by interaction with immature hematopoietic cells.
Furthermore, such elevation was cancelled out when A54 cells were separated from HSCs with a microporous membrane (Figure 2) . Immunostaining with an anti-Jag1 antibody confirmed that hematopoietic progenitors stimulated Jag1 expression in the neighboring A54 preadipocytes. Jag1 signal was apparently greater in A54 cells in cobblestoned areas than those in the surrounding regions (Figure 3) .
Taken together, mesenchymal stromal cell-derived preadipocytes received signals from HSCs through cell contact, resulting in multiple events including upregulation of Jag1, Dll3 and BMP6.
Activation of Notch signaling in HSCs
The coculture experiment showed that the expression of multiple Notch ligands (Jag1 and Dll3) was upregulated in A54 preadipocytes during their interaction with HSCs. We next addressed whether the expression of Notch receptors and downstream factors was altered in the HSCs. Table 1. HSC/Transwell: A54 cells were coincubated with HSCs but separated by Cell Culture Insert. *: P < 0.01 (n = 3). Figure 4A) . Simultaneously, the expression of Hairy enhancer of split-1 (Hes1), a target of Notch1, was upregulated by 27-fold, indicating that the authentic signaling pathway was actually viable ( Figure 4B ). The results clearly showed that Notch ligands and receptors were upregulated in the stromal cells and HSCs in a reciprocal fashion through cell contact.
Discussion
In the present study, we investigated the molecular events in hematopoiesis supported by mesenchymal stromal cellderived preadipocytes. We and other investigators reported that several preadipocyte-like stromal cells were capable of supporting hematopoiesis [13] [14] [15] [16] . While osteoblasts enhance HSC self-renewal in the hematopoietic niche [2, 3] , preadipocytes may have additional or different function, such as promoting the asymmetric division of HSCs and proliferation of early progenitors. Our finding that A54 preadipocytes promoted the formation of cobblestone areas and colonies supports this idea, but such function may not be completely cell-autonomous. Assuming that some instructive signals from HSCs, we investigated the gene expression profile of A54 cells in a coculture with HSCs. Among the molecules upregulated or downregulated by more than twofold in a microarray screening, an increase of Notch ligands (Jag1 and Dll3) and BMP6 was confirmed in A54 cells. This finding is intriguing, because signals from Notch and BMP receptors are integrated in osteoblasts and other cell types [17] [18] [19] [20] . Notch is a single-pass transmembrane receptor interacting with cell-bound ligands. So far, four Notch receptors (Notch1-4) and five ligands (Jag1-2 and Dll1, 3 and 4) have been identified in mammals. As in many cell systems, Notch signaling is essential for regulating HSCs and blood cell differentiation [21, 22] .
Previous studies showed that Jag1 in marrow stromal cells and osteoblasts promotes HSC proliferation [3, 23] , Dll1 produces cobblestone areas [24] . In the present study, we demonstrated that coculturing resulted in concomitant increases in Notch ligands (Jag1 and Dll3) in A54 preadipocytes and Notch signaling in HSCs. Notably, in accordance with an elevation in levels of the Notch1 receptor, expression of the transcription factor Hes1 was also upregulated. Hes1, one of the targets of Notch signaling, regulates specific groups of genes to maintain HSCs and early progenitors [25, 26] . Thus, upregulation of the Notch1-Hes1 axis in HSCs strongly suggests that this signaling pathway is actually viable with the increase in Notch ligands in neighboring preadipocytes. Since Notch activation plus cytokine receptor signaling has a combined effect on hematopoietic cells [27] , production of Notch ligands and cytokines (SCF, SDF1 and Ang1) by A54 cells is likely to represent a physiological role of marrow niche cells. Table 1 . Both Notch1 (A) and Hes1 (B) were significantly upregulated in HSCs after coculture with A54 cells. * : P < 0.01 (n = 4). Bone morphogenetic proteins (BMPs) belong to the transforming growth factor-b superfamily and have pleiotropic effects on tissue development. They have been implicated as key regulators in hematopoiesis: for example, BMP4 promotes the self-renewal of HSCs [28] and BMP6 enhances the formation of colonies [17] . Because of the redundancy of ligands/receptors and the dependence on the context and stage of differentiation of target cells, a detailed understanding of BMP signaling awaits further investigation.
The mechanisms responsible for the reciprocal upregulation of the expression of Notch ligands and receptors have yet to be clarified. We found that mature lymphocytes poorly induced Jag1, Dll3 and BMP6 expression in A54 cells, thus the stromal cells appear to receive the induction signal mainly from immature cells such as HSCs. Direct cell-to-cell contact with, or close proximity to HSCs was required for the upregulation of Jag1, Dll3 and BMP6 expression in A54 cells. Thus far several classes of molecules have been implicated to act upstream of Notch signaling. For example, the Wnt canonical pathway regulates the expression of Notch ligands in various cell types [29] [30] [31] . Sonic hedgehog (Shh) and receptors for Shh (Ptc/Smo) are expressed on primitive hematopoietic cells and marrow stromal cells and induce BMP expression [32, 33] . In addition, Shh can increase levels of Notch receptors via vascular endothelial growth factor (VEGF) [34] . Of note, Wnt and Shh are lipid-modified proteins, and therefore appropriate for exerting effects on short-ranged target cells in a paracrine and/or autocrine fashion [35, 36] . In the hematopoietic niche, these signaling networks must be precisely orchestrated to regulate HSC behavior, presumably through cross-talk with signals from adhesion molecules such as integrins ( Figure 5 ). Further investigation of such communicative events will identify target molecules to improve engraftment in transplantation therapy.
